Objective: Androgen deprivation therapy (ADT) given to men with prostate cancer is associated with metabolically adverse changes in body composition leading to insulin resistance, but the underlying mechanisms are not fully understood. We investigated prospectively whether androgen deprivation or its consequences may be associated with alterations in thyroid function in men.
physical activity [2] . Given the good prognosis of men receiving ADT, understanding how ADT affects metabolism is important.
Some of these changes occurring in men on ADT resemble clinical features frequently seen in hypothyroidism. Similar to ADT, hypothyroidism is associated with increases in fat mass, dyslipidemia, and changes in glucose homeostasis [3] [4] [5] . Reversed causality has also been suggested, linking obesity to profound changes in thyroid function, particularly a rise in thyrotropin (TSH) [6] [7] [8] . Moreover, in association with a decline in circulating concentrations of sex hormone binding globulin (SHBG) and sex hormones, clinical manifestations of hypothyroidism in adult men include gonadal dysfunction and impaired fertility [9, 10] .
In view of the importance of thyroid hormones in metabolic regulation and preclinical models reporting a relationship between androgen status and thyroid function [11] [12] [13] , we took advantage of a case control study to prospectively explore whether the set point of the pituitary-thyroid axis may be altered under ADT, particularly as a consequence of changes in body composition. Patients with nonmetastatic prostate cancer initiating ADT were compared with an age-and body mass index (BMI)-matched prostate cancer control group.
Materials and Methods
This study is a prespecified secondary analysis from a prospective 12-month case-control study of 63 age-matched and radiotherapy-matched, ADT-naive men with localized nonmetastatic prostate cancer. All patients were treated as outpatient at a tertiary referral hospital (Austin Health, Melbourne, Australia). The primary outcome measure of the study was biomechanical and video-based functional gait assessment [14] . Additional predefined secondary outcome measures such as body composition, insulin resistance (HOMA2-IR), and quality of life have also been reported [15, 16] . Here, we further evaluated thyroid function in cases and control subjects at initiation and during follow-up assessments after 6 and 12 months. This study was approved by the Human Research Ethics Committee, Austin Health (H2011/04224). All participants provided written informed consent after full explanation of the purpose and nature of the research study protocol.
The trial protocol has been described in detail previously [14] . Briefly, participants were recruited from the hospital outpatient clinics for men with prostate cancer. Inclusion criteria were localized nonmetastatic prostate cancer, no prior ADT, and unrestricted activity with unimpaired Eastern Co-operative Oncology Group performance status of 0. Recruitment was restricted to men newly initiating ADT. Men were excluded if they had any illnesses or other factors predisposing them to androgen deficiency or if they had relevant renal, liver, cardiac, or neuromuscular disease. Case subjects were newly commencing long-term ADT with different brands of gonadotropin-releasing hormone agonists, and control subjects were men with prostate cancer not receiving ADT who were matched for age, cancer diagnosis, and radiotherapy treatment. None of the patients had a history of thyroid disease or was receiving thyroid hormone replacement or antithyroid medication. In eight patients, baseline laboratory tests were delayed by 2 to 8 weeks, but there was no significant association between thyroid parameters, particularly FT4 values and delay. All men received general lifestyle education for prostate cancer, with written advice to exercise regularly and to maintain healthy dietary habits.
A. Body Composition
Dual x-ray absorptiometry was used to measure body composition, including fat mass and lean tissue mass, at 0 and 12 months (Prodigy version 7.51; GE Lunar, Madison, WI). The coefficient of variation was ,2% for repeated scans [15] . As a surrogate for total body skeletal muscle mass, appendicular skeletal muscle mass was calculated from the sum of the fat-free and bone mineral content-free mass in both arms and legs [15] . Visceral adipose tissue was quantified using the enCore software (version 16; GE Health Care, Madison, WI) algorithm for dual x-ray absorptiometry, which correlates well with gold-standard magnetic resonance imaging volumetric measurements [17] .
B. Laboratory Methods
Morning fasting blood samples were taken for all biochemical tests. Thyroid function tests were performed by a single laboratory. Thyroid hormone measurements were performed by Austin Health Pathology by electrochemiluminescence immunoassay on the Roche Cobas 6000 platform (Roche, North Ryde, NSW, Australia). The third-generation TSH has functional sensitivity (coefficient of variation, 20%) of 0.01 mIU/L and interassay variations of ,3% at 0.46 and 32 mIU/L. The standard curve was calibrated with the third International Standard of the World Health Organization for human TSH (IRP 81/565). Coefficients of interassay variation were 2.7% for free thyroxine (FT4) at a concentration of 11 pmol/L and 3.6% for free triiodothyronine (FT3) at 4.4 pmol/L. Laboratory-evaluated reference intervals used for routine diagnostics were 0.4 to 4 mIU/L for TSH, 3.1 to 6.8 pmol/L for FT3, and 10 to 23 pmol/L for FT4.
The calculated FT3/FT4 ratio served as an estimate of conversion efficiency or global deiodinase activity.
For serum total testosterone, an electrochemiluminescence immunoassay (Cobas C8000; Roche Diagnostics, North Ryde, NSW, Australia) was used with a minimum detection limit of 0.4 nmol/L and interassay variation between 5.0% and 6.9%. The same system was used for SHBG and estradiol [14] . Insulin resistance was estimated from fasting plasma glucose and c-peptide using the updated homeostatic model assessment of insulin resistance (HOMA2-IR) [15] . Serum leptin concentrations were measured by a commercial human enzyme-linked immunosorbent assay (Thermo Fisher Scientific, Scoresby, VIC, Australia). Coefficients of interassay variation were 3.9%, 5.6%, and 4.6% at leptin concentrations of 151, 241, and 905 pg/ml, respectively. Samples exceeding the upper limit of the calibration curve were diluted accordingly.
C. Statistical Analysis
Median and interquartile range are reported, unless otherwise stated, because data were mostly non-normally distributed. TSH was naturally logarithmically transformed for calculations. Between-group comparisons of baseline characteristics were made using Wilcoxon rank sum test for continuous variables or x 2 test for frequencies (substituted with Fisher's exact test in cases of low frequencies). Correlations were based on Kendall's tau rank correlation. Outcomes were treated as explanatory and not adjusted for multiple testing. To depict the change for each individual, a scatter plot of their baseline measurement vs 12-month follow-up is shown, and the regression line was stratified by group. For the longitudinal analysis, we used a linear mixed model fitted by restricted maximum likelihood [18] . Fixed effects included baseline values of the variable assessed, group (cases and control subjects), visit (categorical time points at 0, 6, and 12 months), and the interaction term of visit 3 group. The latter term reflects the parameter of interest, which is between-group change during follow-up. As a random effect, we added the repeated measurements by subject. The mean adjusted difference (MAD) between the groups from 0 to 12 months is reported as a quantitative measure of change, surrounded by its profiled 95% confidence interval (CI). P values refer to the overall significance of the change between groups during follow-up. Two-sided P values ,0.05 were considered significant. Statistical analyses were performed using the R statistical base version 3.3.1 for Mac with the added packages JGR 1-7.18, Deducer 0.7-9, effects 3.1-2 and lme4 1.1-12 [18] [19] [20] .
Results
Patient baseline characteristics are shown in Table 1 . Participants were well matched between groups for age, BMI, testosterone, FT3, TSH, and comorbidities, except for FT4 values, which differed slightly but significantly between cases and control subjects (Table 1) . Although testosterone levels were within the reference range in all participants at baseline, they declined after treatment in the ADT group and remained unchanged over 12 months in the control group [0.40 nmol/L (95% CI, 0.30-0.50) vs 14.8 nmol/L (95% CI, 11.2-15.6); MAD, 213.0 nmol/L (95% CI, 215.4 to 210.7)]; P value between groups ,0.001). This was accompanied by distinct changes in body composition, metabolic markers, and thyroid hormones ( Table 2 ). BMI and fat mass increased, whereas insulin resistance, lean mass, and appendicular muscle mass decreased. Body weight, waist circumference, visceral fat mass, and HbA1c did not significantly change (Table 2) .
Case subjects showed a broad based and pronounced increase in TSH after 12 months, which was absent in control subjects (Fig. 1) . Between the groups, the MAD during follow-up was 0.69 mIU/L TSH (95% CI, 0.58-0.82; P , 0.001) ( Table 2 ; Fig. 2 ). Whereas FT3 levels remained unchanged, FT4 concentrations rose more strongly in cases, and the FT3/FT4 ratio was reduced after 12 months in cases compared with control subjects (Table 2 ; Fig. 2 ).
TSH changes in cases over 12 months were inversely and strongly correlated with changes in weight and BMI, weakly correlated with changes in fat mass and lean mass (the latter narrowly missing significance) but were not associated with waist circumference, visceral fat, and insulin resistance (Table 3) . They were uncorrelated with changes in testosterone, SHBG, or estradiol concentrations (Table 3) . We found no associations of the changes in other thyroid hormone parameters with any of these parameters, except for a negative correlation between the changes in SHBG and FT4 (tau, 20.27; P = 0.046) ( Table 3) .
Despite showing similar levels at baseline, concentrations of the fat-associated hormone leptin were significantly increased after 12 months in cases compared with control subjects [ Table 2 ; Fig. 3(a) ]. The change observed in TSH after 12 months was significantly positively correlated with the 12-month leptin difference (tau, 0.33; P , 0.001) [ Fig. 3(b) ].
Discussion
Because both androgen deficiency and hypothyroidism have been associated with increased fat mass and adverse metabolic sequelae and given possible cross-talk between the gonadal and thyroid axis in men, we used men with prostate cancer initiating ADT as a model to assess the direct and indirect consequences of androgen deprivation on thyroid function in a controlled fashion. In this prespecified secondary analysis of a prospective case control study, we show that, during 12-month follow-up, ADT is associated with a pronounced rise in pituitary TSH, unaccompanied by peripheral hypothyroidism, indicating a set point change in the hypothalamic-pituitary-thyroid axis. These changes in thyroid function during follow-up in androgen-deprived men were uncorrelated to ADT-associated decrements in serum Parameters of body composition have been reported and discussed in detail elsewhere [14] [15] [16] but are retabulated here for convenience because they were associated with thyroid function. Abbreviation: IQR, interquartile range.
testosterone or estradiol concentrations but strongly related to changes in weight, BMI, fat mass, and leptin levels. Therefore, we interpret our findings to indicate that ADT-associated adverse metabolic outcomes are not due to androgen deprivation-mediated changes in thyroid dysfunction; rather, ADT-associated changes in body composition lead to progressively adaptive changes in the thyroid axis. To our knowledge, no comparable data from controlled trials on thyroid function and body composition under ADT are available to compare our findings, and few studies have investigated changes in thyroid function during androgen deprivation, mostly in animal models [12, 13, [21] [22] [23] [24] [25] [26] . Salminen et al. [23] reported no significant change in TSH under ADT in a prospective study, but potentially confounding changes in body composition were not assessed during follow-up in their study. The cross-sectional study of Morote et al. [24] contradicts these authors, reporting a statistically significant increase in TSH, similar to the present findings. Reports on FT4 during ADT are also discordant, although the reason for the discrepancies is not clear. Hypothalamic-pituitary-thyroid axis dynamics may vary according to baseline health or metabolic and body composition changes. Our cohort consisted of relatively well men with nonmetastatic prostate cancer receiving adjuvant ADT with curative intent. In castrated mice, both basal and TSH-stimulated thyroid hormone synthesis was unaltered [12] . In the rat, orchidectomy had no effect on serum T4 and TSH, but adaptive changes in the activities of deiodinase types 1 and 2 and local T3 production were observed [13] . Although data are limited, there is no evidence suggesting that gonadotropin-releasing hormone agonists may directly interfere with thyroid function testing, for instance by exerting TRH-like cross-reactivity [26] .
Strengths of our study are its prospective controlled design and the availability of a multitude of explanatory variables [14] [15] [16] . Confidence intervals were narrow despite the relatively small study size. Secondary (although prespecified) outcomes for thyroid hormones are a limitation. A slight, but significant baseline imbalance for FT4 was apparent despite the controlled design, but this was adjusted for when assessing between-group change in a linear mixed model. The adjusted mean difference between the groups was further supported by the Figure 1 . Change in TSH in individual patients on ADT vs controls after 12-month followup. In the case of no change, all points would be expected to scatter around the diagonal representing the imaginary equality line, and the regression lines fitted to the points of each group would coincide. In contrast, the figure shows a nearly parallel line shift between the ADT and control group. The mean between-group difference was then determined more precisely with a linear mixed model (see Results and Fig. 2 ). majority of individual changes observed in the ADT group but not in the control subjects (Fig.  1) . Baseline imbalances between groups as observed for FT4 and SHBG may be anticipated in a nonrandomized design. However, due to strict and inherent indications of ADT, such a study cannot be randomized. Based on anthropometry and body composition measurements by dual-energy x-ray absorptiometry, nutritional status was similar between groups. The Figure 2 . Adjusted mean difference in TSH, FT4, FT3, and the FT3/FT4 ratio between cases (solid line) and control subjects (broken line) during 12-month follow-up. Effect plots were derived using a linear mixed model. For details refer to Materials and Methods and Results. Error bars indicate the 95% confidence limit of the mean. V1, baseline visit; V2, 6-month; V3, 12-month follow-up. prevalence of comorbidities was overall low and similar in both groups among this relatively healthy cohort of men, consistent with their normal testosterone level. Therefore, nonthyroidal illness is unlikely to be a major confounder. The study is controlled, but observational and therefore cannot determine whether the changes in thyroid function are causally related to adverse metabolic changes in these patients. In long-term survivors of prostate cancer on ADT, various adverse effects have been reported, including sexual complaints, hot flushes, changes in body composition with increased fat and reduced lean mass despite little or no weight gain, musculoskeletal decline leading to increased frailty, unfavorable metabolic consequences for glucose and insulin homeostasis, and increased cardiovascular risks [2, [14] [15] [16] . The current study extends those findings to distinct alterations in thyroid function during ADT, which accompany the metabolically adverse changes in body composition. The present findings shed further light on the complex interaction of thyroid function, weight gain, and obesity, which have been linked in a mutual relationship [27] [28] [29] . Hypothyroidism has long been recognized to cause weight gain and metabolically unfavorable consequences that, if not treated adequately, increase mortality. However, distinct changes in thyroid parameters after either weight gain or weight loss suggested that reversed causality may also exist [27] [28] [29] . TSH elevation associated with obesity has been termed "hyperthyrotropinemia" because the rise in the pituitary hormone has not typically been accompanied by peripheral hypothyroidism and a decrease in free thyroid hormones [27] . We used ADT as a model to prospectively assess possible differential effects of changes in body composition on the thyroid axis in a controlled design because, unlike other obesity-related models, ADT is weight neutral. It increases fat mass but at the same time reduces lean and muscle mass [2, 14, 15, 30] . Our findings of a pronounced rise in TSH under ADT over control subjects after 12 months, unaccompanied by a shift in FT4 or FT3 toward hypothyroidism, support the notion that ADT-associated changes in fat mass may be directly linked with alterations in thyroid homeostasis. The significant associations with the changes in weight, BMI, and fat mass suggest that TSH may increase as a consequence of the changes in body composition. Hormonal factors such as leptin that are directly released from fat tissue are likely candidates for modulating the pituitary set point of TSH [27, 28] . In the current study, we observed an increase in leptin in the ADT group after 12 months compared with control subjects. This confirms earlier reports by our group and others that leptin levels increase significantly with ADT [30] and conversely are decreased by testosterone treatment [31] . Change in TSH was strongly associated with a change in leptin. These findings are consistent with reports suggesting that leptin can stimulate pituitary TSH secretion directly or indirectly by raising hypothalamic TRH [27] . However, there is also evidence that TSH can stimulate leptin release via a direct action on human adipocytes expressing a functional TSH receptor [32] . Therefore, it is tempting to speculate that this bidirectional link may not only inform the central control system on the fat and energy reserves of the body but also provide adaptive feedforward correction to energy expenditure.
Our findings in the ADT model indicate a crosstalk and close pathophysiological integration between thyroid function, energy metabolism, and body composition [33] [34] [35] [36] . This involves both adaptations in the central hypothalamic-pituitary feedback regulation by thyroid hormones and the feedforward control of deiodinase activity by TSH [37] . Negative feedback control by thyroid hormones at the pituitary level is mediated via type 2 deiodinase and intrapituitary T3 concentration, which, in turn, suppresses pituitary TSH secretion [37] . Long-feedback regulation by thyroid hormones on TRH is achieved by the interaction of hypophysiotropic TRH neurons and specialized glial cells termed "tancytes" [34] [35] [36] [37] . These cells, unlike other brain cells such as astrocytes, express the enzyme deiodinase type 2, which enables them to convert circulating T4 into T3. Together with their responsiveness to other humoral and neuronal inputs, tancytes provide a regulatory interface for adjusting the set point of the hypothalamic-pituitary-thyroid axis in response to changes in the energetic and metabolic needs of the body [11, [25] [26] [27] [33] [34] [35] [36] [37] . The sensitivity of deiodinase type 1 and type 2 activities to nutritional factors, fasting, and weight gain facilitates both central and local regulation of T3 conversion and thyroid hormone utilization by various organs [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . Achieving T3 stability appears to be an overarching goal of the central set point adaptation and peripheral deiodinase regulation [43] . FT3 levels and T4 to T3 conversion rate are disproportionally low, although their reduction is less pronounced than in the low-T3 syndrome. Adjustments to the pituitary set point have been recognized as important mechanisms in the syndrome of TACITUS (thyroid allostasis in critical illness, tumors, uremia, and starvation) [37, 44, 45] . According to the present data, allostatic regulation may play an important role in the early response of the system when energetically challenged by minor disturbances, suggesting a gradual transition from homeostatic control to the more dramatic changes in allostatic thyroid regulation and the low-T3 syndrome.
In summary, androgen deprivation in men with nonmetastatic prostate cancer is associated with profound changes in body composition and adverse metabolic effects. The current study extends those findings in a controlled design to the regulation of thyroid function. A rise in TSH in the absence of peripheral hypothyroidism suggests that the set point of the hypothalamic-pituitary-thyroid axis may be reset under ADT, in association with changes in body composition, but not directly due to androgen deficiency. Adipokines produced by fat cells such as leptin may be directly involved in this adaptive response. Despite these moderate alterations, none of the patients developed clinical and/or biochemical thyroid dysfunction during follow-up. When facing energetic and metabolic challenges, central and peripheral adaptations appear to promote T3 stability, which takes priority over set point maintenance.
Further studies are required to investigate the causality and biological implications of these findings.
